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FOREWORD 


This  final  report  documents  t!  ; results  of  a design,  and  manu- 
facturing study  performed  by  the  Material  Sciences  Operation  (MSO) 
of  Science  Applications,  Incorporated  (SAI)  for  the  Air  Force  Rocket 
Propulsion  Laboratory  (AFRPL)  under  Contract  F04611-77-C-0047 , Job 
Order  Number  2307I12GS.  The  AFRPL  Project  Engineer  was  Lt  C.  R. 
Nelson  II  (AFRPL/MKBB) . The  SAI/MSO  Project  Manager  was  Mr.  K.  M. 
Kratsch  and  the  Principal  Investigator  was  Mr.  J.  P.  Pope. 

The  design  study  of  this  program  was  accomplished  at  SAI/MSO 
with  the  manufacture  of  the  components  and  pressure  vessel  for  a 
Kinetic  Test  Cell  subcontracted  under  purchase  order  to  Algo  Tool 
and  Die,  Santa  Ana,  California.  Installation  of  the  Kinetic  Test 
Cell  at  the  AFRPL  was  a joint  effort  of  AFRPL  and  SAI/MSO  personnel. 
Preparation  of  a laboratory  test  facility  for  integration  of  the 
Kinetic  Test  Cell  was  performed  by  AFRPL  and  grateful  acknowledge- 
ment is  extended  to  Lt  Nelson  and  Mr.  Leon  Triplett  for  their 
cooperation  and  assistance. 


This  report  has  been  reviewed  by  the  Information  Office/XOJ 
and  is  releasable  to  the  National  Technical  Information  Service 
(NTIS) . At  NTIS  it  will  be  available  to  the  general  public,  including 
foreign  nations.  This  technical  report  has  been  reviewed  and  is 
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and  performance  attributes  compared  to  pyrolytic  graphite.  However,  their 
ablction  response  in  the  primarily  rate-controlled  ablation  regime  of  rocket 
nozzli.-  is  poorly  understood.  At  the  present  time  their  ablation  response  is 
being  assessed  using  the  same  techniques  previously  applied  to  non-porous 
pyrolytic  graphite;  e.g.,  evaluation  of  the  kinetic  coefficients  from  measure- 
ments of  recession  rate  in  arc  plasma  generator  (APG)  facilities,  zi  _ 


The  APG  results  have  demonstrated  that  a unique  set  of  apparent  kinetic 
coefficients  is  deduced  for  each  variety  of  material  tested.  The  current  anal- 
ysis method,  therefore,  reduces  to  little  more  than  an  empirical  curve-fit  of 
recession  rate  for  a given  material  as  a function  of  temperature  and  partial 
pressure  cf  reacting  (or  inhibiting)  species.  No  insight  regarding  the  actual 
ablation  mechanisms  or  important  material  properties  is  derived  from  this 
approach  since  no  account  is  taken  of  the  basic  material  heterogeneity.  In 
addition,  the  extrapolation  of  the  curve  fits  derived  from  the  low-pressure 
and  temperature  APG  environment  to  the  more  severe  (a  factor  of  15  in  pressure 
and  1000  to  1500°R  in  temperature)  rocket  nozzle  environment  is  uncertain  at 
best. 

This  program  was  undertaken  to  design  an  experimental  approach  which  will 
provide  materials  kinetic  data  at  temperature/pressure  conditions  of  interest 
without  mitigating  flowfield/roughness  effects.  The  ultimate  objective  of  the 
program  was  to  deliver  and  install  a kinetic  test  cell  at  AFRPL  which  could  be 
operated  by  AFRPL  personnel  to  conduct  fast,  low-cost  generation  of  kinetic 
data  and  materials  for  heterogeieous  studies  in-house.  The  specific  objectives 
were  to:  a)  design  and  manufacture  an  experimental  apparatus  for  isolating 
the  kinetic  reaction  of  Hydrogen  and  G-90  graphite,  at  temperatures  to  6500°R 
and  pressure  to  50  atmospheres,  b)  provide  experimental  flexibility  to  accept 
up  to  three  reactant  gases  simultaneously,  c)  develop  procedures  for  hetero- 
geneous material  kinetic  data  reduction,  d)  deliver  and  install  the  experi- 
mental kinetics  ceil  at  the  AFRPL,  and  e)  provide  AFRPL  with  operating  and 
maintenance  procedures  for  the  personnel  who  will  be  operating  the  facility  on 
in-house  research  programs. 

Integration  of  the  test  cell  in  the  test  facility  was  completed  28  Ju 1 78. 
At  present,  the  apparatus  is  being  checkout  tested  at  the  AFRPL  under  the 
in-house  program  Carbon/Carbon  Processing  Variables  Investigation,  JON  2307i'?KS. 
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Section  1 

INTRODUCTION  AND  SUMMARY 

The  present  interest  in  carbon  composite  and  bulk  poly- 
crystalline graphite  materials  for  solid  propellant  rocket  noz- 
zles has  occurred  primarily  due  to  the  poor  thermostructural  per- 
formance of  conventional  pyrolytic  graphite  throat  inserts  as 
propellant  flame  temperature  is  increased.  Circumvention  of  this 
problem  has  necessitated  complex,  multi-component  nozzle  configu- 
rations which  are  not  only  costly  to  fabricate  but  inherently 
less  reliable  than  an  integral  design.  Composite  materials,  in 
particular  carbon-carbon  composites,  offer  the  potential  of  con- 
siderable improvement  in  manufacturing,  reliability  and  perform- 
ance attributes  compared  to  pyrolytic  graphite.  However,  their 
ablation  response  in  the  primarily  rate-controlled  ablation  regime 
of  rocket  nozzles  is  poorly  understood.  At  the  present  time  their 
ablation  response  is  being  assessed  using  the  same  techniques 
previously  applied  to  non-porous  pyrolytic  graphite;  e.g.,  evalu- 
ation of  the  kinetic  coefficients  from  measurements  of  recession 
rate  in  arc  plasma  generator  (APG)  facilities. 

The  APG  results  have  demonstrated  that  a unique  set  of 
apparent  kinetic  coefficients  is  deduced  for  each  variety  of 
material  tested.  The  current  analysis  method,  therefore,  reduces 
to  little  more  than  an  empirical  curve-fit  of  recession  rate  for 
a given  material  as  a function  of  temperature  and  partial  pres- 
sure of  reacting  (or  inhibiting)  species.  No  insight  regarding 
the  actual  ablation  mechanisms  or  important  material  properties 
is  derived  from  this  approach  since  no  account  is  taken  of  the 
basic  material  heterogeneity.  In  addition,  the  extrapolation  of 
the  curve  fits  derived  from  the  low-pressure  and  temperature  APG 
environment  to  the  more  severe  (a  factor  of  15  in  pressure  and 
1000  to  1500°R  in  temperature)  rocket  nozzle  environment  is  un- 
certain at  best. 

A program  was  undertaken  to  design  an  experimental 
approach  which  will  provide  materials  kinetic  data  at  temperature/ 
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pressure  conditions  of  interest  without  mitigating  flowfield/ 
roughness  effects.  The  ultimate  objective  of  the  program  was  to 
deliver  and  install  a kinetic  test  cell  at  AFRPL  which  could  be 
operated  by  AFRPL  personnel  to  conduct  fast,  low-cost  generation 
of  kinetic  data  and  materials  for  heterogeneous  studies  in-houie. 
The  specific  objectives  were  to  a)  design  and  manufacture  an  ex- 
perimental apparatus  for  isolating  the  kinutic  reaction  of  Hydro- 
gen and  G-90  graphite,  at  temperatures  to  6500°R  and  pressure  to 
50  atmospheres,  b)  provide  experimental  flexibility  to  accept  up 
to  three  reactant  gases  simultaneously,  c)  develop  procedures  for 
heterogeneous  material  kinetic  data  reduction,  d)  deliver  and  in- 
stall the  experimental  kinetics  test  cell  at  AFRPL,  and  e)  pro- 
vide AFRPL  with  operating  and  maintenance  procedures  for  the  per- 
sonnel who  will  be  operating  the  facility  on  in-house  research 
programs . 

The  results  of  these  efforts  are  summarized  in  order  of 
listing  in  following  sections  with  conclusions  and  recommendations 
inserted  as  a separate  entry. 
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Section  2 

DESIGN  STUDY  AND  FABRICATION  OF  A KINETIC  TEST  CELL 

The  objective  of  this  effort  was  to  design,  manufacture, 
and  install  a static  laboratory  kinetic  test  apparatus  with  which 
AFRPL  can  obtain  kinetic  data  for  rocket  nozzle  materials  at  tem- 
peratures to  6500°R  and  at  reactant  pressures  up  to  50  atmospheres 
(750  psi) . Since  AFRPL  was  to  provide  the  experimental  laboratory 
facility  along  with  the  power  source  for  specimen  heating,  gas 
supply  and  transport  mechanisms,  and  test  controls  and  data  acqui- 
sition techniques,  certain  constraints  were  imposed  upon  the  de- 
sign. Table  1 is  a summary  of  design  requirements  and  equipment 
type  to  be  provided  by  AFRPL  upon  delivery  and  installation  and 
Figure  1 is  a schematic  of  the  AFRPL  testing  laboratory  which 
served  as  a model  for  the  design  of  the  kinetic  test  cell  and 
associated  plumbing,  power,  and  diagnostics. 

The  design  constraints  essentially  reduced  to  limitation 
of  the  available  power  source  (type)  and  supply.  With  the  power 
limited  to  DC  resistive  heating  from  a total  source  of  40  kw,  the 
size  of  the  test  specimen  and  the  gaseous  flowfield  size  and  con- 
figuration became  the  limiting  factor  based  upon  heterogeneous 
reaction  considerations.  These  dominated  design  analysis  and 
forced  the  design  of  the  kinetic  test  cell  to  a low  velocity  gas 
flow  scheme  which  marginally  meets  the  upper  limit  design  goals 
( 6500°R  and  50  atmospheres).  Howevc  , in  anticipation  that  it  may 
eventually  become  necessary  to  modify  the  power  source  and  the  gas 
reactant  pressurization  and  transport  mechanisms,  SAI/MSO  incor- 
porated materials  and  configuring  (flowfield)  options  into  the 
final  design. 

The  results  of  the  design  study  including  consideration 
leading  to  the  design  and  fabrication  follow. 
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Table  1 

Experimental  Kinetics  Test  Cell 
Design  Objectives 

Design  Goals; 

Specimen  Temperatures : -4000°R--6500oR 
Pressure:  -Dp  to  50  Atmospheres 


Pressure : 
Reactants : 


Power  Source : 

Gas  Supply: 
Adaptability : 


-Must  accept  three  test 
gases  ( H2 / CC>2,  H20) 
simultaneously 
-Limited  to  40kw  silicon 
rectifier  (DC) , 1000  amps 
-High  pressure  gas  bottles 
2200  psia,  200  scfm  typical 
-Compatible  with  existing 
AFRPL  Facility  and  Instru- 
mentation 


f 1 ,r  /'  /"'  A/  a / f / / / A A; 


D.C. 

Power 

Supply 


Reactant  gas  supply (4) 

— Gas  metering  vcilves(2)  , 


HIF 

i* 

i 

1 I 

Power  1 
Diagnostic 
Lines  i 
Feedthrough 


Window 


Operator 

Area 


IR  Pyrometer  "" 

(above  test  cell)— 


Kinetic  test  cell 


■Stand  4 
Platform 


- Reclaim 

Gas  Bottles  (3 ; 
t Manifold 


Hall  or 

5’0"  Adjacent  Lab 


Control 

Console 


Figure  1.  Tentative  Facility  Installation  Layout 
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2.1  Flowfield  Considerations 

2.1.1  Heterogeneous  Reactions.  Solid-gas  reactions  normally 
involve  a series  of  five  steps  (see  Figure  2) . These  are: 

(1)  diffusion  of  reactants  to  the  solid  surface  (including  the 
effect  of  possible  gas-phase  reactions  on  the  reactant  concentra- 
tion) , (2)  adsorption  of  reactants  on  the  surface,  (3)  reaction 
on  the  surface,  (4)  desorption  of  products  of  the  reaction  and 
(5)  diffusion  of  products  away  from  the  surface.  The  overall  re- 
action rate  will  be  limited  by  the  slowest  of  these  steps.  Thus, 
the  rate  may  be  limited  by  either  (1)  surface  kinetics  (steps  2, 

3,  and/or  4)  or  (2)  diffusion  (steps  1 and/or  5) . 

If  gaseous  diffusion  is  slower  than  the  other  steps,  con- 
vection and  mass  diffusion  within  the  boundary  region  completely 
determine  the  reaction  rate.  There  are  two  driving  forces  for 
diffusion.  First,  due  to  consumption  of  the  reacting  species  at 
the  solid  surface  and  gaseous  recombinations,  concentration  gra- 
dients exist  across  the  boundary  region.  Product  concentration 
gradients  occur  simultaneously  due  to  the  build-up  of  product 
species  concentration  at  the  solid  surface.  A second  driving 
force  is  due  to  the  thermal  gradient  across  the  boundary  layer 
a:;d  produces  thermal  diffusion;  i.e.,  lighter  molecules  will  tend 
to  diffuse  to  the  high-temperature  regions  and  heavy  molecules 
will  counterdif fuse  to  the  cooler  regions  (Reference  1) . 

The  other  extreme  corresponds  to  surface  kinetics  (steps 
2,  3 or  4)  limiting  the  overall  reaction  rate.  For  this  case, 
diffusional  processes  will  proceed  as  previously  discussed,  except 
at  reduced  mass  fluxes  due  to  the  reduction  in  concentration  gra- 
dients. When  the  surface  reaction  rate  is  limiting,  thermodynamic 
equilibrium  cannot  be  established  at  the  reaction  surface  because 
of  the  high  rate  of  product  mass  transfer  through  the  boundary 
region  relative  to  the  rate  of  surface  reactions. 

Between  these  two  limiting  extremes,  the  actual  reaction 
rate  is  often  determined  both  by  diffusion  in  the  boundary  layer 
and  the  nature  of  the  chemical  kinetics  at  the  solid  surface. 
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BULK  GAS 
PHASE 


1.  Diffusion  of  Reactants 
to  Surface 

2.  Adsorption  of  Reactants 
on  Surface 

3.  Reaction  on  Surface 

4.  Desorption  of  Products 
from  Surface 

5.  Diffusion  of  Products 
from  Surface 


BOUNDARY  | NOZZLE 


A^  : Diffusion  rate  of  reactf.nt 

l 

A : Reaction  rate  of  ifc^  specie  at  the  surface 
ri 

• For  A_  >>  A the  reaction  is  kinetically  controlled 

1 i ri 

• As  An  /A  — the  ablation  rate  becomes  diffusion  limited 

i i 

• Desire  Afi  /A(.  > 1 so  that  accuracy  of  the  kinetic  data  is  valid. 

Figure  2.  Solid-Gas  Reactions 


This  is  due  to  the  dependence  of  both  phenomena  on  the  concentra- 
tion of  reactant  or  product  species  at  the  gas-solid  interface. 
Without  detailed  quantitative  knowledge  of  the  kinetic  rate  con- 
stant for  the  surface  reaction  and  the  transport  properties,  it 
is  not  possible,  a priori,  to  predict  the  conditions  under  which 
the  two  limiting  extremes  exist.  This  is  particularly  true  in 
terms  of  the  rocket  nozzle  environment  where,  at  various  times, 
both  limits  may  exist.  In  the  early  stages  of  firing,  when  the 
wall  temperature  is  relatively  low  and  heat  transfer  rates  are 
high,  chemical  kinetics  may  be  limiting.  As  the  wall  temperature 
increases,  convenction  and  diffusion  within  the  boundary  layer 
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begin  to  determine  the  reaction  rate. 

Section  3 will  treat  in  more  detail  aspects  of  the  solid- 
gas  reaction  mod-1]  presented  above.  These  will  include  surface 
kinetic  considerations,  diffusion  considerations  including  the 
pressure  dependency  of  diffusion-controlled  reaction  as  well  as 
temperature  dependency  of  the  diffusion  controlled  reaction,  and 
data  derivation  methods  and  techniques  for  material  heterogeneity 
assessment.  The  solid-gas  reaction  model  analysis  conducted  in- 
depth  verified  design  considerations  leading  to  a flowfield  con- 
figuration to  be  discussed  in  Section  2.2. 

2.1.2  Experimental  Approach.  For  any  heterogeneous  reaction 
in  which  a flowing  reactive  gas  stream  of  constant  velocity  re- 
acts witli  a stationary  solid,  there  are  temperature  and  pressure 
combinations  below  which  the  reaction- rate  controlling  mechanism 
is  represented  entirely  by  the  chemical  kinetics  at  the  solid 
surface  (adsorption,  reaction  desorption) . If  the  flow  velocity 
and  pressure  are  kept  constant  and  the  temperature  is  increased, 
gaseous  diffusion  becomes  the  rate  determining  step  of  the  pro- 
cess. Alternately,  if  the  flow  velocity  and  temperature  are  kept 
constant  and  the  pressure  is  increased,  the  diffusion  becomes  rate 
determining  step  of  the  process.  Increasing  the  pressure  shquld 
decrease  the  thickness  of  the  boundary  region.  This  decrease, 
however,  is  not  sufficient  to  offset  the  increase  in  resistance 
to  diffusion  through  the  boundary  regions  which  also  results. 

This  then  suggests  that  temperature  and  pressure  can  be 
used  as  experimental  variables  to  define  the  transition  regime 
between  Kinetic  and  gaseous  diffusion  for  simple  reactive  systems. 
On  this  basis,  a forced  flow  type  flowfield  design  was  selected 
as  the  best  method  of  studying  the  rates  of  reaction  of  rocket 
nozzle  materials  as  a function  of  temperature  and  pressure  over 
service  environment  range.  The  velocity  of  flow  of  reactive  gas 
will  be  fixed  at  a constant  low  value,  but  sufficiently  high  to 
insure  a constant  free  stream  concentration.  (In  part,  this  modus 
operandi  is  dictated  by  the  inability  to  readily  duplicate  gas 
velocity,  at  least,  under  the  constraints  imposed  upon  the  design 
of  the  static  laboratory  test  cell) . 


9 


2.2 


Experimental  Kinetic  Test  Cell  Design  Studies 

Experimental  objectives  and  constraints  of  the  AFRPL  lab- 
oratory test  facility  imposed  upon  the  design  of  an  experimental 
kinetic  test  apparatus  were  delineated  at  the  beginning  of  this 
section  and  were  summarized  in  Table  1.  In  addition,  at  the 
AFRPL' s request  the  design  study  initially  explored  methods  of 
incorporating  both  DC  resistive  and  radio-frequency  (RF)  induc- 
tive specimen  heating  modes  into  a single  test  article.  Two  con- 
ceptual approaches  to  a dual  power  provisioned  test  apparatus 
were  studied  before  the  AFRPL  and  SAI/MSO  agreed  that  the  ob- 
jectives of  the  program  could  best  be  met  (within  the  scope  of 
the  program)  by  selecting  a design  based  upon  DC  resistive  heat- 
ing of  the  test  specimen.  In  all,  four  conceptual  approaches 
(designs)  to  achieving  true  chemical  rates  at  the  temperatures 
and  reactant  pressures  of  interest  were  studied.  A brief  de- 
scription of  each  follows. 

The  initial  two  conceptual  approaches  evaluated  considered 
designs  of  dual  power  provision . Figure  3 presents  a schematic 
of  the  DC  resistive  power  version  of  the  first  concept  studied; 
a design  which  appeared  initially  to  be  very  attractive  because 
of  the  test  specimen  configuration.  The  concept  (Figure  3) 
requires  test  specimens  which  are  hollow  cylinders  that  can 
(optionally)  be  configured  into  the  shape  of  a converging-diverg- 
ing nozzle.  A reactant  gas  is  then  expanded  through  the  throat 
of  the  test  specimen  via  a pressure  drop  from  the  gas  inlet  to 
the  gas  outlet  (vent)  ports.  The  hollow  cylinder  test  specimen 
and  the  reactant  gas  is  heated  resistively  (in  the  DC  resistive 
version)  between  two  graphite  electrode  assemblies.  The  graphite 
electrodes  are  in  turn  supplied  power  through  two  water  cooled 
copper  electrode  terminals  which  also  function  as  structural 
members  of  the  pressure  vessel.  The  RF  inductive  power  version 
of  this  concept  requires  a coaxial  plug  in  one  of  the  copper 
electrodes  for  RF  coil  feedthrough  and  replacement  of  the  inter- 
nal graphite  electrode  package  with  a graphite-tungsten  suscep- 
tance  package  (Figure  4). 
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A. 

Heated  Specimen 

H. 

Quartz  Pyrometer  Window 

B. 

Graphite  Electrode 

I. 

Teflon  Heat  Shield 

C. 

Graphite  Felt  Expansion 
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D. 
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Copper  Cooling  Coil 
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G. 

Insulated  Hold  Down  Bolt 

N. 

Reactive 
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Figure  3.  DC  Resistance  Version  of  Design  No.  1 


Despite  the  salient  appeal  of  the  simulated  nozzle  flow 
conditions  to  achieving  chemical  rates  in  the  laboratory,  sev- 
eral aspects  of  the  design  (Figure  3)  were  isolated  as  un- 
acceptable or  marginally  reliable  for  in-house  research  at  the 
AFRPL.  Primarily,  these  had  to  do  with  the  lack  of  sufficient 
power  to  achieve  6500°R  in  the  test  specimen  for  a hollow 
cylindrical  of  sufficient  wall  thickness.  The  limitation  of 
40KW  and  25  KW  of  the  AFRPL  DC  and  RF  power  supplies,  respec- 
tively, would  permit  graphite  test  specimens  of  less  than  0.100 
inch  wall  thickness.  Since  an  ultimate  objective  of  the  AFRPL 
in-house  research  program  is  to  derive  Kinetic  data  for  carbon- 
carbon  materials,  this  wall  thickness  is  insufficient  to  achieve 
ultimate  and  steady-state  temperatures  of  interest  because  of 
the  conductivity  and  anisotropic  electrical  specific  resistivity 
of  carbon-carbons.  Secondly,  the  thin  specimen  wall  thickness 
could  lead  to  leak  paths  between  the  reactant  gas  on  the  inside 
and  the  inert  Argon  purge  protecting  the  outside  surface  of  the 
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test  specimen  (see  Figure  3)  due  to  the  high  porosity  and  perme- 
ability of  the  graphites  and  carbon-carbons  of  interest  to  the 
AFRPL  research  effort.  Finally,  structural  analysis  showed  that 
at  very  rapid  heating  rates  and/or  high  chemical  reactivity, 
the  thin  walled  specimens  of  the  design  would  probably  crush 
under  nominal  stress  loads  induced  by  the  experiment. 

The  feasibility  of  increasing  the  power  (80KW,  120KW) 
was  investigated  for  the  design  (Figure  3)  and  found  not  to  be 
efficacious  principally  because  of  thermal  stress  loads  which 
would  be  induced  in  the  graphite  electrode  and  test  specimen 
assembly  because  of  increased  current  flow.  An  increased  power 
availability  does  not  mean  a corresponding  linear  increase  in 
wall  thickness  and  achievable  temperatures  of  the  test  specimen. 
Thermal  analysis  of  heating  modes  in  the  test  specimen  configur- 
ation conducted  for  a range  and  transient  conditions  of  speci- 
fic resistivities  of  graphitic  materials,  as  well  as  considera- 
tion of  losses  due  to  contact  resistance  between  mating  surfaces 
of  different  electrode-graphite  specimen  combinations  (Figure  5) 


<N 
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Figure  5.  Contact  Resistance  of  Electrode  Materials 
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revealed  that  steady  state  conditions  would  be  difficult  to 
achieve  and  more  difficult  to  reproduce  with  this  conceptual 
approach.  Other  concerns,  primarily  consideration  of  the  AFRPL 
test  facility  construction  and  personnel  safety  aspects  coupled 
with  the  uncertainty  of  experimental  reproducibility  (specimen 
temperature  and  gas  flowfield)  lead  to  abandoment  of  this 
conceptual  approach. 

The  conceptual  approach  discussed  above  was  modified 
in  a second  attempt  to  design  a dual  power  test  apparatus. 
Figures  6 and  7 are  schematics  of  the  DC  resistive  and  RF  in- 
ductive power  modes  of  the  modified  dual  power  test  cell.  The 
concept  was  eventually  abandoned  because  of  the  necessity  to 
provide  a booster  pump  to  the  following  reactant  and  purge  gas 
inlet  system  in  order  to  achieve  the  flow  velocities  required 
for  true  chemical  rate  measurements.  A requirement  of  the  AFRPL 
design  criteria  for  their  in-house  research  program  was  that  the 
test  gases  (reactant  and  purge)  be  obtained  directly  from  high 
pressure  gas  cylinders  in  order  to  minimize  test  facility  con- 
struction costs  and  operational  safety.  The  latter  was  a 
concern  toward  the  installation  oi  excess  electrical  equipment 
in  the  explosion  proof  laboratory  facility  in  which  the  hydrogen 
reaction  experiments  arc  conducted. 

A third  conceptual  approach  studied  lead  to  the  design 
which  was  selected  for  fabrication  (Figure  8) . This  concept 
was  an  attempt  to  establish  a converging  reactant  gas  flowfield 
prior  to  impingement  upon  a cylindrical  test  specimen.  The 
rationale  was  to  increase  the  gas  velocity  by  expanding  through 
a nozzle  which  was  intersected  by  the  test  specimen  and  thereby 
obtain  a higher  probability  of  achieving  true  chemical  rates 
throughout  the  range  of  temperature-pressure  interest  for  rocket 
nozzles.  However  analysis  of  the  contoured  flowfield  and  the 
intersecting  test  specimen  showed  that  turbulent  flow  conditions 
would  occur  throughout  the  flowfield  cavity  at  pressures  of 
interest  and  gas  velocity  actually  achievable. 
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Figure  9.  Flowfield  Design  Adopted  for  AFRPL  Kinetic  Test  Cell 


Exploded  View  of  Kinetic  Test  Cell  Assembly 


same  time  maintaining  the  integrity  of  the  pressure  seal.  At 
the  same  time  the  electrode  must  be  permitted  to  move  within  the 
electrode  feed  through  and  seal  in  order  to  compensate  for 
thermal  expansion  of  the  test  specimens.  This  facet  of  the  de- 
sign proved  to  be  the  most  troublesome  eventually  requiring  a 
complex  seal  and  feed  through  configuration  to  be  discussed 
later. 

2.3  Analysis  of  Kinetics  Test  Cell  Design 

Two  independent  performance  analyses  of  the  approved 
concept  described  above  were  conducted  following  a meeting  at 
AFRPL  in  the  second  month  of  effort.  SAI/MSO  conducted  an 
analysis  of  the  test  specimen  thermal  response,  kinetic  reac- 
tion consideration,  and  structural  integrity  of  a baseline 
configuration  of  the  proposed  design.  At  the  request  of  AFRPL, 
Acurex  Corporation/Aerotherm  Division  conducted  a thermal 
analysis  and  surface  kinetics  study  using  the  same  baseline  con- 
figuration, under  their  existing  AFRPL  Contract  No.  F04611-76- 
C-0075,  The  analytical  methods  and  results  of  the  Aerotherm 
study  is  presented  in  Reference  2 and  will  be  discussed  in 
Section  5 which  is  concerned  with  conclusions  on  the  efficacy 
of  the  SAI/MSO  designed  AFRPL  kinetic  test  cell.  However,  it 
is  relevant  to  point  out  that  oral  discussions  held  with  Aerotherm 
independently  at  SAI  and  AFRPL  at  the  conclusion  of  their  study 
identified  potential  problems  in  the  design.  At  the  same  time, 
Aerotherm,  SAI,  and  AFRPL  were  in  agreement  that  useful  kinetic 
data  could  be  derived  from  the  experimental  approach,  and  by 
modifying  the  flow  parameters,  true  chemical  reactions  could  be 
achieved  at  the  design  goal  of  temperatures  to  6500  R and 
reactant  pressures  to  50  atmospheres. 

Tne  Aerotherm  study  results  (Reference  2)  which  were 
published  after  the  kinetic  test  cell  pressure  vessel  was  manu- 
factured are  less  optimistic  than  either  the  SAI/MSO  analysis  or 
the  oral  discussion  held  earlier.  Details  of  these  minor  dis- 
agreements on  the  peformance  analysis  will  be  discussed  in 
Section  5 - Conclusions. 
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2.3.1  Thermal  Analysis.  The  AFRPL  Statement  of  Work  placed 
a constraint  upon  the  power  source  and  level;  DC,  1000  amps,  40 
kw  total.  This  limitation  ultimately  drove  the  final  design  from 
all  aspects;  specimen  size,  pressure  vessel  size  and  options, 
and  gas  velocity  and  flowfield  size  and  configuration.  In  order 
to  determine  specimen  size  and  adequacy  of  the  power  supply,  a 
thermal  analysis  was  conducted  in  which  the  specimen  configura- 
tion and  size  was  varied  throughout  a regimen  of  gas  flow  and 
species  reactivity.  Further  analysis  was  conducted  on  the  elec- 
trical resistivity  of  graphite  types  and  carbon-carbons  with  the 
view  that  the  design  should  be  universal  in  testing  nozzle 
materials  for  kinetic  reaction  data.  Ultimately  a cylindrical 
configuration  emerged  as  the  only  configuration  universally 
acceptable  and  compatible  with  the  available  power. 

The  test  specimen  which  emerged  from  these  analyses  is 
shown  in  Figure  12.  Assumptions  made  to  obtain  a closed-form 
solution  for  the  temperature  distribution  in  the  resistively 
heated  cylindrical  test  specimen  were: 

1.  Heat  losses  are  due  to  surface  radiation,  con- 
vection, chemical  reaction,  and  conduction  out 
of  its  ends. 

2.  Axial  temperature  gradients  are  significantly 
larger  than  radial  gradients. 

3.  The  ends  of  the  test  specimen  are  held  at  a 
constant  temperature  (^2000°R)  by  external  cooling. 

Figure  13  shows  the  results  of  the  analysis  relating 
available  power  to  the  test  specimen  and  heat  loss  to  specimen 
diameter.  In  order  to  achieve  6500°R  it  is  necessary  to  hold  the 
diameter  to  0.3-inches  because  the  total  heat  loss  due  to  con- 
duction, convection,  radiation,  and  chemical  raaction  approaches 
8 kw.  The  axial  length  was  then  established  cifter  analysis  of 
the  thermal  gradients  in  the  test  specimen  couplea  to  considera- 
tion of  the  volumetric  gas  transport  requirements,  i.e.,  in 
order  to  minimize  the  amount  of  gas  drawn  from  the  2000  psi 
gas  bottle  supply  to  be  provided  by  AFRPL.  The  optimum  length 
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of  the  test  cylinders  was  determined  to  be  1.5-inch  which  will 
minimize  the  gas  volume  consumed  in  typical  test  durations.  The 
estimated  axial  temperature  distribution  in  a 1.5-inch  specimen 
was  determined  and  revealed  that  the  inner  1.0  to  1.2-inch 
region  is  at  equilibrium  where  as  the  outer  regions  fall  rapidly 
to  the  temperature  of  contacted  electrodes. 

2.3.2  Surface  Kinetics  and  Flowfield  Size  Analysis.  Using 

the  test  specimen  configuration  shown  in  Figure  12,  the  chemical 

reactivity  of  G-90  and  ATJ  graphite  were  modeled  for  a number  of 

flowfield  cross  sections  (channels)  and  gas  velocities  (for 

Hydrogen  only  since  it  represents  a worst  case  approach  from  a 

temperature  standpoint) . Figure  14  presents  the  results  of 

those  analyses  for  extremes  of  design  options:  1)  flowfield 

2 2 

channel  cross  sections  of  0.8-in  and  8-in  , and  2)  forced  gas 

flow  at  100  SCFM  and  400  SCFM.  The  curves  in  Figure  14  are  the 

ratio  of  rtu/ih r/u  where 
D h2 

rfiD  = the  diffusion  rate  of  Hydrogen  to  the  surface 

lt»r  = reaction  rate  of  Hydrogen  at  the  surface  at  the 

Hydrogen  partial  pressure  on  the  ordinate. 

The  curves  generated  in  Figure  14  were  based  upon  a calculated 

-2  2 

heat  transfer  coefficient  (N  ) of  4.33x10  LBM/FT  -sec  derived 

c 

from  the  equation  for  a solid  cylinder  in  a cross  flow  cavity 


N - 1.368  Vp  v^  u , 

c os  os  os/D  where 


PQS  m density  of  the  flowing  gas 

v = velocity 
os  J 

u „ = viscosity 
os 

D = diameter  of  the  test  specimen 
For  rt\D  >>rtir»  the  reaction  is  kinetically  controlled  and  as 
V*r  ® ablation  rate  becomes  diffusion  limited  (see 
Section  2.1  for  discussion).  The  theoretical  criterion  in  de- 
termining the  diffusion  controlled  limit  is  n>D/^r  = 1.0.  There- 
fore it  is  desirable  to  limit  *D/ihr  to  values  greater  than  unity 
so  that  the  accuracy  of  the  kinetic  data  derived  is  good. 
Therefore  it  was  necessary  based  upon  the  results  shown  in 
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Figure  14  to  limit  the  flowfield  channel  to  a cross  section  of 
approximately  0,8-inch  (0.75-inch  in  final  design)  and  establish 
flow  velocities  to  exceed  100  SCFM  in  order  to  achieve  the  de- 
sign goal  of  6500°R  and  50  atmospheres.  An  ablation  rate  analy- 
sis was  conducted  to  determine  test  duration  times  (Figure  15) 
for  the  temperatures  of  interest. 

2.4  Fabrication 

Figures  9,  10,  and  11  presented  schematic  views  of  the 
baseline  design  which  emerged  as  a fabricated  article  in  this 
study.  The  body  of  the  pressure  vessel  and  the  lid  are  construc- 
ted of  304  stainless  steel  from  billets  forged  for  SAI/MSO  by 
Jorgensen  Steel,  Bethlehem,  PA.  The  wall  thickness  is  1.25- 
inches  which  based  upon  direct  stress  analysis  for  a thick 
walled  pressure  vessel  provides  a factor  of  safety  of  66  at  750 
psi.  Two  end  plates  of  glass  cloth  laminate  (1.25-inch  thick) 
provide  electrode  access  to  the  test  specimen  and  seal  the 
internal  pressure  to  750  psi.  These  end  plates  provide  the 
lowest  factor  of  safety  (10.2)  in  the  vessel  construction  as 
based  upon  calculations  of  maximum  displacement  and  stress  using 
classical  theory  of  plates  and  shells  analysis  methods  (Refer- 
ence l) . The  nominal  dimensions  of  the  experimental  test  cell 
are  6-inch  x 6-inch  x 12-inch. 

The  fabrication  of  all  c ^mponents  with  the  exception  of 
two  quartz  windows  were  subcontracted  to  Algo  Tool  and  Die, 

Santa  Ana,  California.  The  windows  were  fabricated  by  Pennfold 
Optical  Company,  Santa  Ana,  California  according  to  SAI/MSO 
specifications.  Materials  were  selected  by  SAI/MSO  and  provide 
to  Algo  along  with  engineering  drawings  and  specifications. 

All  components  of  the  flowfield  liner,  electrode  hous- 
ing and  seal  plates,  and  pressure  gaskets  v/ere  hand  machined  to 
fit  in  the  interlocking  pattern  shown  in  Figure  9 and  11.  The 
electrode  assembly  and  tensioning  mechanism  shown  in  Figure  16 
were  developed  through  rework  following  initial  checkout  runs. 
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Figure  16.  Cutaway  of  Electrode/Expansion  Assembly 


2.4.1  Checkout  Runs  - Prior  to  delivery  at  the  AFRPL,  the 
assembled  kinetic  test  cell  was  temporarily  installed  at  SAI 
using  heating  and  gas  flow  modes  comparable  to  those  being  built 
at  the  AFRPL  test  facility.  Although  limited  to  15  kw  by  the 
SAI  power  supply,  and  unable  to  flow  at  design  rates,  the  initial 
checkout  confirmed  that  the  pressure  goal  of  50  atmospheres  was 
achievable  up  to  temperatures  of  5500°R  (limit  of  SAI  power) 
with  G-90  specimens.  Static  pressure  tests  repeated  several 
timer  showed  no  measurable  gas  loss  over  24  hours  at  750  psi  and 
ambient  temperatures.  Time  durations  of  up  to  five  minutes  of 
continuous  heating  at  5000°R  showed  that  the  window  ports  would 
not  heat  appreciably  due  to  the  novel  thermal  barriers  of  the 
vessel  (Figure  11) . These  same  continuous  heating  runs  also 
demonstrated  the  integrity  of  the  high  pressure  seals  designed 
for  this  application. 

2.4.2  Test  Facility  Layout  Recommended  to  the  AFRPL 

Following  the  checkout  runs,  technical  exchanges  be- 
tween SAI/MSO  and  the  AFRPL  operating  perse-  responsible  for 
installation  of  the  test  apparatus  were  hela  to  ensure  the 
integration  of  the  kinetic  test  cell  into  the  AFRPL  facility. 

A layout  diagram  of  the  recommended  operational  experimental 
facility  was  presented  to  the  AFRPL.  Figure  17  is  a schematic 
of  the  operational  test  facility  that  emerged  from  this  effort. 
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Section  3 

HETEROGENEOUS  MATERIAL  KINETIC  DATA  REDUCTION 

In  this  section  an  outline  of  the  procedure  for  deriv- 
ing kinetic  coefficients  from  the  test  data  to  be  generated  at 
AFRPL  is  presented.  Direct  application  of  the  techniques 
described  have  not  been  implemented  since  data  for  the  G-90 
material  has  yet  to  be  generated.  For  this  reason,  the  tech- 
niques may  require  some  modification  as  test  data  is  generated 
and  experience  with  the  experimental  apparatus  is  developed. 

The  basis  for  the  SAI  approach  to  generate  kinetic  co- 
efficients from  the  test  data  to  be  obtained  using  the  AFRPL 
Kinetics  Test  Cell  is  an  analytical  model  for  the  ablation  of 
a porous  solid.  Through  this  model  the  effects  of  material 
heterogeneity  are  explicitly  included;  it  is  anticipated  that 
the  future  acquisition  of  test  data  on  a wide  range  of  mater- 
ials having  well-characterized  properties,  definitive  relation- 
ships between  kinetic  coefficients  and  measurable  material  prop- 
erties such  as  internal  open  surface  area,  permeability,  porosi- 
ty (see  Reference  1) , and  anisotropy  (see  Reference  2)  will  be 
established.  Because  the  present  effort  is  limited  to  a single 
material  (G-90)  and  test  gas  (H2)  these  relationships  cannot  be 
derived  from  the  test  data  and  will  not  be  discussed  further. 

3.1  Test  Data  Acquisition 

As  noted  above,  under  the  current  study  the  ablation 
test  data  to  be  obtained  from  the  Kinetics  Test  Cell  is  limited 
to  a single  material  and  a single  pure  test  gas,  hydrogen.  Data 
to  be  obtained  for  each  test  point  include  the  following: 


a) 

average 

specimen  surface  temperature,  TW(R) 

b) 

average 

recession  rate,  s(cm/s) 

c) 

average 

specimen  surface  pressure,  Pw(atm) 

d) 

average 

0eueCHo 

no  blowing  heating  transfer  coefficient, 
(g/cm2  - s) 
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The  measurement  of  each  of  these  quantities  is  discussed  in  the 
following  paragraphs. 

Test  specimen  surface  temperature  is  measured  through- 
out the  test  duration  using  a pyrometer  focused  on  the  top,  cen- 
ter of  the  test  specimen  as  far  forward  (toward  the  stagnation 
point)  as  is  practical  without  the  spot  falling  off  the  specimen. 
An  observation  slit  has  been  provided  in  the  flow  field  channel 
for  this  purpose  (see  Figure  9).  Average  surface  temperature  is 
determined  from  the  reduced  pyrometer  data  from  either  the  temper- 
ature-time trace  directly  or  in  combination  with  the  specimen  re- 
cession-time history  if  laser  measurement  of  instantaneous  reces- 
sion is  obtained. 

The  average  specimen  recession  rate  can  be  determined 
in  two  ways.  The  first  and  simplest  approach  is  to  use  specimen 
pre-  and  post-test  dimensional  changes  and  the  average  test  time. 
In  this  case,  the  post-test  specimen  is  chucked  in  a lathe  or  sim- 
ilar rotatable  holding  fixture  using  the  holding  pins  at  each  end 
of  the  specimen  (see  Figure  12)to  establish  the  centerline.  A 
dial  gauge  is  then  used  to  measure  the  radius  of  the  specimen  as 
a function  of  angular  position  from  the  stagnation  line.  These 
measurements  may  be  repeated  at  several  axial  stations  along  the 
specimen  but  near  the  axial  center  of  the  specimen.  Using  this 
"map"  of  measurements,  the  pre-test  radius,  and  the  test  time  the 
average  recession  rate  can  be  calculated  from  the  equation 
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(Ro  - Vi 


(1) 


where 

t = test  time(s) 

Rq  = specimen  initial  radius  (cm) 

R^  = specimen  final  radius  (cm) 

and  n is  the  number  of  measurements  made.  An  alternate  approach 
may  be  utilized  if  a laser  system  is  used  to  measure  instantaneous 
surface  position  again  employing  the  observation  slit  provided. 
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In  this  case,  the  reduced  laser  system  data  yields  the  stagnation 
region  radial  location  as  a function  of  time  throughout  the  test 
duration.  This  data  can  be  plotted  on  linear  graph  paper  and  the 
best-fit  slope  (s)  obtained  for  the  central  portion  of  the  test 
data.  The  laser  method  is  obviously  more  advantageous  than  the 
pre-  and  post-test  measurement  technique  since  start-up  and  shut- 
down transients  (and  other  anomalies  which  may  appear  occasion- 
ally) can  be  excluded  from  the  data.  However,  it  is  anticipated 
that  because  of  the  basic  test  procedure  (e.g.,  pre-heating  the 
sample  resistively  eliminates  the  usual  transient  associated  with 
specimen  heat-up  and  purging  the  kinetics  cell  with  non-reactive 
argon  at  the  end  of  the  test  elminates  further  ablation  during 
cool-down) , transients  will  be  relatively  small  and  the  first 
method  will  provide  acceptable  data  accuracy. 

The  specimen  surface  pressure  (Pw)  is  very  nearly  iden- 
tical to  the  pressure  measured  by  the  line  inlet  pressure  gauge 
(P3  in  Figure  17)  since  the  test  cell  flow  Mach  numbers  are  much 
less  than  one.  Maximum  operating  Mach  number  occurs  at  the  con- 
dition of  maximum  test  cell  flow  rate  of  300  cfm  and  minimum  pres- 
sure of  1 atm  and  is  approximately  0.1.  Maximum  pressure  drop 
from  stagnation  conditions  is  0.7  percent  for  and  therefore  the 
error  in  P3  relative  to  the  average  specimen  wall  pressure  is 
less  than  one  percent. 

Measurement  of  the  heat  transfer  coefficient  always 
presents  a difficult  problem  in  experimental  ablation  testing. 
Because  of  the  unique  attributes  of  the  Kinetics  Test  Cell,  SAI 
suggests  a combined  experimental  and  analytical  technique  to  ob- 
tain p u Cu  . The  basic  technique  involves  measuring  the  cool- 

6 6 Hq 

down  rate  of  the  specimen  from  some  initial  temperature  with  the 
non-reactive  argon  gas  flowing  using  the  pyrometer  to  obtain  the 
surface  temperature-time  history.  Two  variants  are  possible.  In 
the  first  method  special  calibration  runs  of  the  apparatus  are 
made  at  selected  pressures  and  flow  rates.  The  specimen  is 
brought  to  a fixed  temperature  using  the  DC  rectifier  with  argon 
gas  flowing.  After  the  specimen  has  equilibrated  the  power  to 
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the  DC  rectifier  is  turned  off  and  the  specimen  is  allowed  to 
cool  down  with  the  argon  gas  continuing  to  flow.  The  resulting 
temperature-time  history  obtained  from  the  pyrometer  can  then  be 
analyzed  using  a 2-D  transient  heat  conduction  code  in  an  itera- 
tive manner  to  obtain  the  heat  transfer  coefficient  whicn  best 
matches  the  cool-down  history.  The  thermal  properties  of  the 
specimen  (conductivity,  heat  capacity,  and  emissivity)  are  of 
course  required  for  this  analysis.  The  heat  transfer  coefficient 
at  other  pressures  and  flow  rates  are  obtained  from  interpolation 
of  the  data  from  the  selected  calibration  points.  In  the  second 
variant,  the  same  basic  approach  is  utilized  except  that  for  each 
ablation  test  data  point,  the  cool-down  history  is  monitored  by 
the  pyrometer  and  the  heat  transfer  coefficient  obtained  directly 
for  that  point.  Experience  to  be  gained  with  the  apparatus  will 
dictate  which  of  these  two  approaches  is  best  suited  to  the  effi- 
cient acquisition  of  accurate  data. 

3.2  Reaction  Kinetics 

In  this  section  a description  of  the  reaction  of  a 
porous,  heterogeneous  carbon  surface  with  a single  component  gas 
is  given.  In  principle,  the  analysis  applies  to  multi-component 
gases;  however,  this  situation  is  beyond  the  scope  of  the  present 
effort  and  will  not  be  discussed. 

The  analytical  model  proposed  by  SAI  for  the  reduction 
of  test  data  from  the  Kinetics  Test  Cell  considers  the  following 
three  regimes.  At  low  temperatures  where  the  reactivity  of  the 
solid  carbon  is  low,  a molecule  of  gaseous  reactant  may  enter  the 
porous  solid  and  has  a high  probability  of  diffusing  into  the 
material  before  finally  reacting  with  the  pore  surface.  In  this 
region  the  concentration  of  gaseous  reactant  is  essentially  uni- 
form through  the  porous  solid  and  equal  to  that  at  the  solid  sur- 
face. The  overall  reaction  rate  is  comprised  mainly  of  the  re- 
actions taking  place  within  the  material  since  the  exposed  reac- 
tion area  internally  is  several  orders  of  magnitude  greater  than 
the  external  surface  area. 
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At  higher  temperatures  where  the  solid  reactivity  is 
greater,  the  probability  of  the  gaseous  reactant  molecule  pene- 
trating deeply  within  the  material  before  reacting  is  small. 

Both  chemical  reaction  rate  and  pore  diffusion  exert  an  influence 
on  the  overall  reaction  rate  in  this  regime.  However,  as  temper- 
ature is  further  increased  the  surface  reaction  begins  to  dominate 
the  ablation  rate. 

In  general,  as  even  higher  temperatures  are  considered 
the  reaction  rate  of  the  solid  material  will  become  sufficiently 
large  that  the  kinetics  of  the  reaction  will  no  longer  control 
the  overall  reaction  rate.  This  regime  is  the  so-called  diffusion- 
limited  regime.  In  actuality  this  regime  is  simply  the  chemical 
equilibrium  regime  wherein  the  wall  partial  pressures  of  the  re- 
actant and  the  reaction  product  are  in  chemical  equilibrium  with 
the  solid  material.  The  more  familiar  diffusion-limited  result 
occurs  only  when  the  equilibrium  constant  for  the  reaction  is  such 
that  complete  reaction  of  all  the  reactant  occurs  and  the  wall 
partial  pressure  of  the  reactant  approaches  zero.  In  the  equilib- 
rium regime  the  overall  reaction  rate  is  controlled  by  the  equilib- 
rium constant  for  the  reaction  and  the  mass  transfer  coefficient 
of  the  boundary  layer. 

Consider  now  the  specific  reaction  to  be  characterized 


H2  + 2C(s)^»  C2H2 


(2) 


The  forward  reaction  rate  coefficient,  k^,  is  assumed  to  be  given 
by  an  Arrhenius  form 


k.  = k T exp(-E/RT) 
to 


(3) 


and  the  corresponding  intrinsic  forward  reaction  rate  is 


mf  - kf [ (PH2)W1 


n 


(4) 
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where 


= forward  reaction  rate  (g/cm^-s-atmn) 

k = kinetic  coefficient  (g/cm^-s-Ka-atmn) 

o 

a = temperature  exponent 

E = activation  energy  (cal/gmole) 

R = universal  gas  constant  (1.986  cal/gmole-K) 

(?H2 ) w = hydrogen  partial  pressure  at  wall  (atm) 

n = reaction  order 

• 2 
m = reaction  rate  of  carbon  (g/cm  -s) 

For  an  irreversible  [kr  + 0 in  Eq.  (2)],  equimolar  reaction,  the 
overall  reaction  rate  of  a porous  so? id  is  given  as  (see  Refer- 
ence 3) 

n+1 

Es  ■ (slrh'Ve  1/2  (CH2w>  2 + k'f«W"  l5) 

where 

Rg  = rate  of  reaction  per  unit  time  per  unit  geomet- 
ric external  surface  area  (qmole  of  reactant/ 

2 x 

cm  -s) 

S = internal  surface  area  per  unit  volume  (cm  "*") 

V 2 
D = effective  gas  diffusivity  (cm  /s) 

e 3 

C = gas  molar  concentration  (gmole/cm  ) 

f = ratio  of  true  external  surface  area  to  geomet- 

ric (projected)  surface  area 
k'  = forward  reaction  rate  (gmole^  n-cm^n  "Vs) 

Eq.  (5)  is  generally  derived  in  terms  of  concentration  of  the  re- 
acting gas  species  since  for  pore  diffusion,  concentration  rather 
than  partial  pressure  is  the  more  natural  dimensional  quantity. 
However,  Eq.  (5)  can  be  cast  in  the  more  conventional  (at  least 
to  rocket  motor  ablation  analysts)  form  of  Eq.  (4)  by  equating  uhe 
intrinsic  forward  reaction  rates  and  noting  that 


C„-  = Put  /RT 

H2w  H2w  w 


(6) 
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where  R is  again  the  universal  gas  constant  (82.06  cm  -atm/gmole 
-k) . Eq.  (5)  then  becomes 


n+1 


m 


" kf(PH2w> 


+ [( 


2 ) 

n+1  r 


*MH2SvDe/RTw)l/2(PH2„) 


(7) 


where 

M^2  = molecular  weight  of  H2(2.016  g/gmole) 

<f»  = grams  of  C(s)  reacted  per  gram  of  H2  (11.92) 

In  Eq.  (7)  the  roughness  factor,  f,  has  been  set  equal  to  one  in 
conformity  with  standard  practice  due  to  the  difficulty  of  defin- 
ing the  true  exposed  external  surface  of  a porous  solid. 

Eq.  (7)  is  the  basic  equation  expressing  the  overall 
mass  loss  rate  of  a porous  carbon  surface  in  terms  of  the  reactant 
partial  pressure  at  the  wall,  the  intrinsic  kinetic  reaction  rate, 
k^,  and  the  material  related  parameters,  Sv  and  De>  Sv  is  depen- 
dent primarily  on  the  microstructure  of  the  porous  carbon  and  may 
be  obtained  from  the  commonly  measured  value  of  S^,  the  open  in- 
ternal surface  area  per  unit  mass,  via  the  equation 


S 


v 


P S 
Ho  a 


(8) 


where  pQ  is  the  bulk  density  of  the  material.  The  effective  gas 
diffusivity,  D , depends  on  both  the  flow  regime  and  material 
microstructure.  For  the  low-density  Knudsen  flow  regime 


. / 8RT 

D = if « 

6 3 \ MH2 


1/2 


(9) 


where  B is  th  molecular  permeability  coefficient  of  the  material 
expressed  in  centimeters  and  commonly  measured  (see  Reference  1) . 
For  the  small  pore  sizes  typical  of  graphitic  carbon  material,  the 
Knudsen  flow  regime  extends  to  pressures  on  the  order  of  several 
atmospheres.  However,  at  sufficiently  high  pressures  the  molecu- 
lar diffusion  limit  will  be  approach 5d.  In  this  case  one  has 
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approximately 


De  . (c/t)D12 


(10) 


where 

e = porosity  of  the  solid  material 
x = tortuosity  factor,  ratio  of  actual  path 
length  to  geometric  path  length 

2 

= molecular  diffusivity  for  gas  pair  12  (cm  /s) 


For  binary  gas  mixtures  at  low  pressures  (e.g.,  below  10  atm)  and 
non-polar  gases  can  be  estimated  from  the  Chapman-Enskog  Kin- 
etic theory 


D12  = 0.0018583 


[t3(m1"1  + m2  -1)] 


1/2 


P°12fi12 


2 

where  is  in  cm  /s,  T is  in  degrees  K,  p is  in  atmospheres, 

0^2  is  in  A and  is  the  collision  integral;  Q - a tabulated 

function  of  T/(e/k)  - a and  e are  given  for  a number  of  pure  gases 
in  Reference  4;  and 


12 

2 ^ °2 ^ 

(12) 

12 

^cle2 

(13) 

The  effective  diffusion  coefficient,  De>  may  be  in 
either  the  Knudsen  flow  regime  or  the  molecular  diffusion  regime. 
For  the  former 


D a B T 1^2  (14) 

e w 

while  for  the  latter 

' « (t/T) [T 3/2/H19(T  ) )/Pw  (15) 

e w 1 1 w w 
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where  B and  (e/x)  are  constant  material  parameters.  At  the  pres- 
ent time,  it  is  expected  that  Knudsen  flow  will  predominate;  how- 
ever, this  assumption  must  be  verified  by  the  experimental  data 
to  be  obtained  in  the  Kinetics  Test  Cell  tests. 

In  summary,  Eq.  (7)  provides  the  theoretical  form  assumed 
to  govern  the  kinetic  mass  loss  rate  of  a porous  material.  The 
kinetic  rate  coefficient  k^  is  assumed  to  be  of  the  form  given  in 
Eq.  (3) . It  remains  to  develop  the  boundary  layer  diffusion  equa- 
tions which  will  allow  determination  of  the  reactant  partial  pres- 
sure at  the  wall. 

For  the  present  reaction  system  (Eq.  2)  assuming  equal 
diffusion  coefficients  of  the  gas  phase  species,  the  boundary 
layer  diffusion  equations  reduce  to  the  following  (see  Reference 
5) 


'Cw 


Hw 


B 

ITT 

*He 

TTT 


(16) 

(17) 


where 


B " = normalized  mass  transfer  rate,  m/p  u C„ 

e e M 


CM  = mass  transfer  parameters,  CM  = CHLe 


2/3 


'H 


Cjj  = Blowing  value  of  the  Stanton  number 


L = Lewis  number 
e 


K. 

i 


mass  fraction  of  i 


th 


element 


C„  is  related  to  the  non-blowing  Stanton  number,  CHq,  via  the 


'H 

usual  correlation  equation 


2Atfi/p  u C„ 

' p £ Ho 


CHo  exp  (2Am/peueCHo)  - 1 


(18) 


where  A equals  0.4  for  turbulent  boundary  layers, 


36 


Eqs . (15)  and  (17)  define  the  mass  transfer  rate,  B'r  if 
chemical  equilibrium  is  assumed.  For  the  case  of  no  sublimation, 
the  solution  is  simply 


K 


Beq  “ <1 +V1 

P 


(19) 


where  is  the  equilibrium  constant  for  the  reaction;  i.e., 

K PC2H2 
P ' PH2 


(20) 


An  equation  similar  to  Eq.  (19)  could  be  written  allowing  carbon 
sublimation  involving  the  vapor  pressures  of  the  various  carbon 
gas  species  (C^  - C^)  . Equation  (19)  may  also  be  written  as 


B " 
eq 


$ [K 


He 


W 


1 + <j>K. 


H2w 


(21) 


where  KfJ2w  is  the  mass  fraction  of  the  reactant  gas  (H2)  at  the 
wall.  Eq.  (20)  makes  clear  the  earlier  comment  that  the  diffusion- 
limited  rate  is  not  reached  until  complete  reaction  of  the  H2  re- 
duces KH2W  to  zero. 

Alternately,  when  the  kinetic  reaction  rate  is  slow  and 
chemical  equilibrium  is  not  attained  Eqs.  (16)  and  (17)  may  be 
solved  for  the  wall  mass  fraction  of  H2  in  terms  of  B ' ; e.9., 


KH2w 


RHe  - B 
1 + B' 


(22) 


For  Kj  identically  equal  to  one,  i.e.,  the  test  condition  for 
the  initial  test  series,  one  has 


PH2w 

P 

w 


(MC2H2/MH2)KH2w 


1 + <J>K 


H2w 


(23) 
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Hence,  the  boundary  layer  diffusion  equations  define  the  wall 
pressure  of  the  reactant  via  Eqs.  (22)  and  (23)  in  terms  of  the 
normalized  mass  transfer  rate,  B'. 

In  Section  3.3,  the  theoretical  results  derived  are 
applied  to  the  reduction  of  test  data  from  the  Kinetics  Test  Cell. 

3.3  Test  Data  Reduction 

The  basic  test  data  measured  for  each  data  point  obtained 

in  the  Kinetics  Test  Cell  are  £,  p u C„  , T , and  P as  discussed 

e e Ho  w w 

in  Section  3.1.  The  initial  data  reduction  steps  consist  of  ob- 
taining the  following  quantities: 

a)  it  from  § and  pQ  from  the  equation 

it  = fipQ  (24) 

b)  p u C,.  from  in  and  p u C.  via  Eq.  (18) 

G c n e G llO 

c)  p u C from  p u C..  using  the  equation 

e e m e e H J ^ 

Cm  = CH(Le)2/3  (25) 

d)  B ' from  p u C and  it  from  the  definition  of  B " 

e e m 

B'  = it/p  u C (26) 

e e m 

d)  Pu2w  *-rom  Eqs.  (22)  and  (23) 

An  alternate  approach  to  calculate  is  to  exercise  the  GASKET 

code  (Reference  6)  fo-  an  open  system  with  B'  specified.  This 
code  has  the  advantage  of  a capability  to  treat  non-equal  diffu- 
sion coefficients. 

Given  the  initial  reduced  data  described  above  (it,  pH2w' 

, P ) for  each  data  point  obtained,  it  is  desired  to  derive  the 
kinetic  coefficients  (kQ/  a,  E,  n)  for  the  reaction  given  by  Eq. 

(2)  and  the  pertinent  material  properties  {Sy  and  B)  . 
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Assuming  Eq.  (7)  describes  the  overall  reaction  of  ^ 
with  the  porous  carbon  test  material  and  that  Knudsen  flow  is 
obtained  in  the  pores,  the  form  of  Eq.  (7)  is 

n-1 

= A(T„)  + kf(Tu)(PH2w)  2 


/ o n ' 

\ t J 


(PH2w^ 

Eq.  (27)  suggests  that  an  initial  test  series  at  varying  wall 
pressures  but  constant  wall  temperature  could  be  run  to  determine 
the  reaction  order,  n.  That  is  if  a series  of  data  points  at  con- 
stant wall  temperature  are  plotted  on  linear  graph  paper  with  the 
ordinate  equal  to  ih(P„-  ) ancj  t^e  abcissa  equal  to 

(?H2w^  ' ^or  se^ectec^  values  of  n,  the  reaction  order  is 

determined  by  that  value  of  n which  yields  a straight  line.  For 
n not  equal  to  one  the  best-fit  line  intercept  at  ?H2w  feC)ua^  zero 
is  A while  the  slope  is  k^.  If  n equals  one  then  the  apparent 
slope  will  be  zero  and  the  intercept  is  (A  + k^) . 

For  n / 1 this  procedure  reDeated  at  a series  of  temper- 

Since  the  reac- 
tion order,  is  assumed  to  be  a unique  constant  independent  of 
temperature,  the  values  of  n obtained  at  each  temperature  should 
be  the  same.  Due  to  data  scatter  the  actual  values  obtained  may 
be  slightly  different,  in  which  case  they  should  be  averaged  to 
obtain  a unique  value  of  reaction  order,  and  k^  and  A recalculated 
at  each  temperature  using  that  value. 


atures  defines  n,  kf,  and  A as  functions  of  Tw 


At  this  point  (assuming  n / 1)  one  has  deduced  values 

Reference  to  Eqs.  (7),  (9),  and  (27) 

»*  n 

shows  that 

1/2 


for  n,  kf(T  I , and  A ( T ) . 
t w w 


.2  _ 2 . 

A " H+T  kf 


4 ,8MH2, 

3 tt  RT  ’ 
w 


S B 
v 


(28) 


so  that  the  material  parameter,  SyB,  may  be  calculated  at  each 
temperature  from  the  values  of  n,  kf(Tw)  and  A(Tw) . Again  although 
SvB  should  be  a constant  as  a function  of  temperature  the  values 
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calculated  from  Eq.  (28)  will  probably  exhibit  some  scatter  due 
to  experimental  error.  The  best  fit  value  is  probably  the  aver- 
age of  the  values  calculated. 

Deduction  of  the  kinetic  coefficients  which  describe 
kf(T  ) , that  is  the  constants  kQ,  a,  and  E proceeds  directly  from 
the  values  of  k-(T  ) deduced  previously  by  obtaining  the  best  fit 
values  of  the  constants  using  Eq.  (3).  A simple  regression  analy- 
sis suffices  for  the  determination  of  these  three  constants. 
Alternately  one  could  plot  the  quantity  ln(k,./T  a)  versus  (T  ) ^ 

J.  W W 

using  trial  values  of  a until  the  best-fit  straight  line  to  the 
data  is  found.  This  defines  the  value  of  a and  the  intercept  of 
the  line  at  (T  ) equal  zero  is  kQ  and  the  slope  is  -E/R. 

For  the  special  case  of  reaction  order  equal  to  one,  a 
procedure  similar  to  that  just  described  is  appropriate.  In  this 
case  all  the  experimental  data  is  considered  in  terms  of 
ln(rti/PH2W)  versus  (T  ) * and  the  constants  k , a,  E,  and  SvB 
determined . 

Having  deduced  the  values  of  the  kinetic  coefficients  and 
the  material  constants,  a final  check  on  the  adequacy  of  these 
values  is  obtained  by  plotting  the  experimentally  measured  values 
of  jh  versus  the  values  calculated  from  the  right-hand-side  of 
Eq.  (7);  e.g.,  measured  ih  versus  predicted  rti.  This  plot  should 
yield  a straight  line  of  slope  plus  one  passing  through  the  ori- 
gin and  the  deviation  of  the  points  from  this  line  indicates  the 
overall  accuracy  of  both  the  experimental  data  and  the  assumed 
theoretical  model  expressed  by  Eq.  (7). 

3.4  Summary 

This  section  has  presented  the  data  reduction  technique 
for  the  Kinetics  Test  Cell  built  by  SAI  and  currently  being 
tested  at  the  AFRPL.  Kinetic  data  generated  from  the  apparatus 
will  be  used  to  verify  this  technique.  The  data  points  recom- 
mended for  the  initial  testing  are  given  in  Table  2. 
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Table  2. 

RECOMMENDED  DATA  POINTS  FOR  CHECKOUT 


Tw(°K)  Pw (atm) 


2300 

2, 

5, 

10, 

20, 

50 

2700 

2, 

5, 

10, 

20, 

50 

2900 

2, 

5, 

10, 

20 

3100 

2, 

5, 

10, 

20 

3300 

2, 

5, 

10 

3500 

2, 

5, 

10 

3600 

2, 

5, 

10, 

20, 

50 

Modifications  to  the  proposed  data  reduction  technique 
will  be  determined  as  required  as  experience  with  the  facility 
and  the  data  is  obtained.  It  should  be  recognized  that  the  orig- 
inal intent  of  the  experimental  testing  in  the  Kinetics  Test  Cell 
was  to  gain  an  understanding  of  the  influence  of  material  prop- 
erties and  microstructure  on  kinetic  rate  coefficients  and  mater- 
ial ablation.  This  objective  cannot  be  satisfied  unless  data  for 
a wide  range  of  well-characterized  materials  is  obtained. 


Section  4 

INSTALLATION  OF  KINETICS  TEST  CELL  AT  AFRPL 

AFRPL  and  SAI/MSO  formulated  a work  plan  in  February 
1978  for  delivery  and  installation  of  the  kinetics  test  cell  at 
AFRPL  in  May  1978.  The  plan  called  for  AFRPL  to  construct  an 
explosion  proof  laboratory  test  cave  complete  with  power  supply, 
gas  supply,  diagnostics,  and  external  controls  (see  Figure  1). 
SAI/MSO  submitted  a preliminary  schematic  of  the  electrical  and 
plumbing  network  to  be  constructed  by  which  the  kinetics  test 
cell  could  be  integrated  to  be  made  operable.  AFRPL  performed 
all  of  the  facility  construction  but  could  not  meet  the  May  1978 
completion  date  due  to  prior  commitment  of  attending  personnel. 

SAI/MSO  delivered  the  kinetic  test  cell  on  5 May  1978 
and  completed  their  portion  of  the  installation  on  15  May  1978. 
Final  integration  of  the  test  cell  in  the  test  facility  was  com- 
pleted 28  July  1978.  At  present,  the  apparatus  is  being  check- 
out tested  at  the  AFRPL. 
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Section  5 

CONCLUSIONS  AND  RECOMMENDATIONS 

Due  to  the  delay  in  starting  testing  with  the  kinetics 
test  cell  at  AFRPL  it  is  premature  to  assess  whether  the  experi- 
mental approach  is  valid  for  measuring  kinetic  reaction  rates  of 
graphites  in  partial  pressure  concentrations  of  selected  species 
in  propellant  combustion.  It  is  also  unknown  at  this  time  wheth- 
er the  test  cell  can  achieve  specimen  temperatures  of  6000°R  or 
greater  although  SAI/MSO's  analysis  shows  that  the  available  power 
is  sufficient  for  the  present  test  specimen  configuration. 

It  must  be  recognized  that  this  experimental  approach  is 
unique  and  required  novel  approaches  to  integrating  resistive 
heating  elements,  test  specimen,  and  a high  pressure  environment 
and  gas  flow.  Since  the  study  was  a research  effort,  some  time 
and  experience  must  be  gained  before  solutions  to  operational 
problems  are  evident.  It  was  precisely  this  reasoning  that  caused 
SAI/MSO  to  adopt  a design  philosophy  of  incorporating  small,  low 
cost  components  which  can  be  readily  modified  or  replaced  into  an 
overdesigned  (structural  margins  of  safety  - 10  to  66)  pressure 
vessel . 

In  this  study,  potential  difficulties  of  the  experiment- 
al approach  was  assessed  several  times  with  no  clear  solutions  to 
these  design  problems.  The  Aerotherm  analysis  (Reference  2)  simi- 
larly pointed  out  the  marginal  potential  of  achieving  true  sur- 
face reaction  kinetics  at  Tw  = 6500°R  and  = 50  atmospheres. 
However,  it  is  evident  from  both  the  SAI/MSO  and  Aerotherm  analy- 
sis that  useful  kinetic  data  can  be  derived  at  50  atmospheres  at 
temperatures  of  interest  and  SAI/MSO  believes  that  there  is  a 
high  probability  of  achieving  kinetically  affected  reactions  up 
to  the  design  goal  of  Tw  = 6500°R  at  50  atmospheres. 

SAI/MSO  recommended  a test  matrix  in  Section  3.4  for 
determining  the  transition  between  diffusion  limited  and  Kinet- 
ically dominated  regions  for  the  delivered  kinetic  test  cell. 
Another  recommendation  is  to  double  the  power  supply  for  specimen 
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size  and  then  assess  the  feasibility  of  enlarging  the  flowfield 
channel.  The  latter  will  require  (probably)  increased  gas  flow 
capabilities  or  ancillary  pumping  in  order  to  maintain  desired 
gas  flow. 

The  final  recommendation  is  to  heat  the  test  specimen  in 
a flowing  Argon  environment  until  steady-state  is  reached,  then 
through  the  solenoid  valve  arrangement  of  the  gas  feed  lines, 
switch  to  the  reactant  gas.  This  eliminates  the  problem  of  rapid- 
ly heating  the  specimen  to  achieve  test  temperature  with  commen- 
surate transient  effects  and  thermal  shock  problems. 
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FOREWORD 


SAI/MSO  presented  to  AFRPL  a preliminary  set  of  operating 
and  safety  procedures  to  be  implemented  upon  initial  checkout  of 
the  Kinetic  Test  Cell.  As  AFRPL  performed  the  final  integration 
of  the  test  cell  with  ancillary  laboratory  power,  pressure,  and 
diagnostic  controls,  AFRPL  has  modified  those  instructions  per 
their  safety  regulatory  codes  and  personnel  procedures.  The  AFRPL 
revised  procedures  are  presented  herein  and  reflect  totally  upon 
the  proposed  in-house  research  to  be  conducted  with  this  facility. 
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A. 


INTRODUCTION 


Tests  are  an  investigation  of  the  effect  various  C/C 
material  construction  and  processing  variables  have  on  the  abla- 
tion of  rocket  nozzle  materials.  The  tests  have  three  critical 
areas:  1.  Medium  pressure  (750  psi) ; 2.  Low-medium  electrical 

voltage  (480  volts) ; 3.  Class  I propellant  (Hydrogen  gas). 

Tests  conducted  under  this  program  will  provide  data 
necessary  to  determine  the  kinetics  of  reaction  taking  place  be- 
tween the  test  material  and  the  test  gases. 

Data  to  be  obtained  from  the  tests  will  be:  test  sample 
temperature,  pressures  apparatus  inlet  and  outlet  gas  temperature, 
current  and  voltage  of  the  power  source,  and  the  surface  recession 
of  the  sample  material. 

Gases  to  be  used  in  the  tests  of  this  program  will  be 
Hydrogen  (H) , Carbon  Dioxide  (C02)  and  water  (H20) . Inert  gases 
to  be  used  in  the  tests  of  this  program  will  be  Argon  (AR) , and 
gaseous  nitrogen  (GN2)  . 

The  test  apparatus  to  be  used  in  the  testing  of  this 
program  is  a low  flow,  high  temperature,  high  pressure  device. 
Graphite  or  carbon-carbon  samples  will  be  resistively  heated  to 
a maximum  temperature  of  6500°F  at  which  time  reactant  gases  will 
be  passed  across  the  surface  of  the  sample  at  pressures  up  to 
750  psi. 


B.  SCOPE 

This  program  will  be  a three-year  effort.  A maximum  of 
504  tests  will  be  conducted  utilizing  a variety  of  graphite  and 
carbon-carbon  (C/C)  materials.  Testing  will  be  accomplished  on  a 
daily  basis  with  a maximum  of  four  tests  per  day. 

TEST  STAND  DATA 

GN2  to  operate  regulators  and  asperator 
Argon  to  purge  test  cell 
Propellant:  H2,  C02,  H20 
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Electrical:  Two  (2)  rectifiers  producing  1000  amps 

each  to  the  cest  apparatus 

Tests  Duration:  6 seconds  - 60  seconds 

C.  RESPONSIBILITY 

It  shall  be  the  responsibility  of  the  test  engineer  to 
insure  that  all  test  personnel  are  supplied  with  this  countdown 
and  have  been  briefed. 

Documentation:  The  completion  of  each  applicable  count- 
down item  will  be  checked  by  the  test  conductor  (principal  inve.s- 
tigator)  at  the  left  of  each  item.  A full  countdown  with  all 
items  checked  will  be  kept  in  room  42,  building  8451. 

Prior  to  proceeding  into  the  countdown,  the  test  conduc- 
tor will  prepare  a written  list  of  those  personnel  who  are  members 
of  the  red  crew,  and  designate  one  member  on  the  list  as  the  red 
crew  leader.  In  addition,  the  individuals  recognise  that  the 
designated  individual  is  the  red  crew  leader  and  that  they  will 
take  their  direction  from  him. 

Any  visitor,  acting  as  an  observer,  will  sign  a visitors 
list.  Only  those  persons  whose  names  appear  on  the  red  crew  list 
will  be  allowed  in  the  red  area  during  startup,  shutdown  or  main- 
tenance operations.  Only  those  signed-in  visitors  escorted  by  a 
red  crew  member  will  be  allowed  in  the  area  while  the  life  test 
is  conducted. 

The  red  crew  leader  will  inspect  the  red  crew  personnel 
prior  to  their  entering  'he  red  area  to  insure  that  they  have  the 
required  equipment  and  are  briefed  before  entering  the  area  and 
shall  remain  away  from  the  test  cell. 

The  names  of  participating  personnel  will  be  recorded 

below: 
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NAME 


NAME 


TEST  ENGINEER/PROJECT  ENGINEER  RED  CREW  LEADER 
NAME  NAME 


TEST  CONDUCTOR  RED  CREW  MEMBER 

NAME 


INSTRUMENTATION  TECH . 

SAFETY  EQUIPMENT  AND  BRIEFING: 

A.  Safety  equipment  will  be  provided  and  displayed  in 
accordance  with  AFR  127-101,  Chapter  10,  Para.  10-20,  B a K. 

B.  Safety  training  will  be  given  in  accordance  with  AFR 
127-101,  Chapter  10,  Para.  10-20,  B a K . 

C.  The  location  of  the  safety  equipment  will  be  posted  con- 
spicuously. The  emergency  telephone  numbers  will  be  posted  at 
the  phones  in  the  area  of  the  test  cell. 


Section  1 

FACILITY  PREPARATION 


Prior  to  the  start  of  the  testing,  the  following  items 
will  be  accomplished: 


1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

1.10 

1.11 

1.12 

1.13 

1.14 

1.15 

NuTE : 

1.16 


Test  Conductor  - verify  HV-0-001 ( 2500  GN2  supply 
to  panel)  is  closed. 

Test  Conductor  - verify  Hydrogen  detector  meter 
is  below  %. 

Red  Crew  - verify  HV-0-003  (Argon  bottle  valve) 
is  closed. 

Red  Crew  - verify  HV-3-004  (Hydrogen  bottle  valve) 
is  closed. 

Test  Conductor  - verify  440  volt  breaker  is  open. 

Test  Conductor  - turn  on  console  on-off  switch. 

Test  Conductor  - push  light-switch  to  check  lights. 

Test  Conductor  - check  for  green  lights  in  all  switches. 
Test  Conductor  - reset  kill  switch  (green  light) . 

Test  Conductor  - verify  rectifier  No.  1 and  No.  2 
switch  is  off. 

Test  Conductor  - cycle  solenoid  SV-3-001  (GH2  bottle 
shutoff) . 

Test  Conductor  - cycle  solenoid  SV-3-002  (test  gas 
inlet)  . 

Test  Conductor  - cycle  solenoid  SV-0-001  (Argon 
bottle  supply 1 . 

Test  Conductor  - cycle  solenoid  SV-3-003  (reactant 
bypass) . 

Test  Conductor  - cycle  solenoid  SV-8-001  (test  gas 
out)  . 

Solenoids  should  be  cycled  only  before  first 
test  of  day. 

Test  Conductor  - verify  regulator  R- 3-002  (test  gas 
inlet)  is  closed. 
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1.17 


Red  Crew  - verify  rectifier  dial  setting  is  at 
zero  (0) . 

1.18  Red  Crew  - inspect  all  electrical  connections  for 
proper  connections. 

1.19  Red  Crew  - inspect  all  electrical  grounds  for  proper 
connection. 

1.20  Red  Crew  - verify  HV-0-002  (10  turn  regulator)  is 
full  open. 

NOTE:  Authorized  personnel  may  now  work  in  and  around  the 
test  cell.  The  test  specimen  will  be  installed  in 
accordance  with  those  procedures  presented  in 
attachment  . 

1.21  Red  Crew  - verify  side  panels  of  rectifier  are  in 
place . 

1.22  Red  Crew  - verify  rectifier  intake  and  exhaust  are 
not  obstructed. 

NOTE:  Under  no  circumstances  should  the  rectifier  be 

operated  if  the  openings  at  the  front  and  rear  of  the 
rectifier  are  obstructed,  if  the  fan  motor  is  not 
operating  or  if  the  side  panel  is  open,  because  lack 
of  adequate  forced  ventilation  may  cause  overheating 
and  permanent  damage  to  the  rectifier. 

1.23  Red  Crew  - set  the  rectifier  dials  to  test  current 
amps . 

1.24  Red  Crew  - set  HV-0-002  (10- turn  regulator)  to  

turns  as  per  test  request. 

1.25  Red  Crew  - open  HV-0-003  (Argon  bottle  valve). 

1.26  Red  Crew  - open  HV-3-004  (Hydrogen  bottle  valve). 
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Section  2 
SYSTEMS  CHECK 

NOTE:  Only  authorized  personnel  will  be  in  the  local  area 
of  test  cell  No.  4 when  H2  is  in  use. 

2.1  Red  Crew  - secure  southwest  gate  and  chain  to  parking 
lot  area  at  rear  of  test  cell. 

2.2  Red  Crew  - secure  all  doors  into  the  test  cell  area. 

2.3  Test  Conductor  - place  the  area  in  red  and  notify  the 
safety  operations  center  (32632). 

Section  3 

PRESSURE  CHECK  AND  PURGE  OF  HYDROGEN  SYSTEM 

3.1  Test  Conductor  - open  HV-0-001  (2500  GN2  supply 
to  panel) . 

3.2  Test  Conductor  - verify  regulator  R-3-002  (test  gas 
inlet)  closed. 

3.3  Test  Conductor  - close  solenoid  SV-0-001  (Argon 
bottle  supply) . 

3.4  Test  Conductor  - close  solenoid  SV-8-001  (test 
gas  our) . 

3.5  Test  Conductor  - open  solenoid  SV-3-001  (GH2 

bottle  shutoff) . 2030 

3.6  INSTRUMENTATION  - START  RECORDERS 

3.7  Test  Conductor  - pressurize  regulator  R-3-001 

(GH2  supply)  to  ps i as  per  test  request  and 

verify  pressure  on  transducer  channel  . 

3.8  Test  Conductor  - close  solenoid  SV-3-001,  (GH2 
bottle  shutoff) . 

3.9  Test  Conductor  - wait  60  seconds,  then  verify 

pressure  on  transducer  channel  no.  (GH2  supply) . 

3.10  Test  Conductor  - open  solenoid  SV-3-001  (GH2  bottle 
shutoff) . 

3.11  Test  Conductor  - open  regulator  R-0-003  (aspirator 
GN2  supply)  to  _ psi  as  per  test  request:  verify. 
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3.12  Test  Conductor  - open  solenoid  SV-3-002  (reactant 
test  gas) . 

3.13  Test  Conductor  - open  solenoid  SV-3-003  (reactant  by- 
pass) for  seconds. 

3.14  Test  Conductor  - close  solenoid  SV-3-002  (reactant 
test  gas) . 

3.15  Test  Conductor  - close  solenoid  SV-3-003  (reactant 
by-pass) . 

3.16  Test  Conductor  - close  regulator  R-0-003  (aspir- 
ator GN2  supply) . 

Section  4 

APPARATUS  PRESSURE  CHECK 

4.1  Test  Conductor  - open  regulator  R-0-001  (Argon 
supply)  to  750  psi:  Verify. 

4.2  Test  Conductor  - open  solenoid  SV-0-001  (Avgon 
bottle  supply) . 

4.3  Test  Conductor  - open  regulator  R-3-002  (test  gas 
inlet);  verify  apparatus  pressure  at  750  psi. 

4.4  Test  Conductor  - close  regulator  R-0-001  (Argon 
supply) . 

4.5  Instrumentation  - wait  60  seconds,  then  verify 
apparatus  pressure  at  750  psi  on  panel  gauge  002. 

'|  Section  5 

SYSTEM  PURGE 

5.1  Test  Conductor  - open  solenoid  SV-8-001  (test 

gas  out)  and  wait  seconds. 

5.2  Test  Conductor  - close  solenoid  SV-8-001  (test 

gas  out) . 

5.3  Test  Conductor  - open  regulators  R-0-001  (Argon 

supply)  to  psi  as  per  test  request:  Verify. 
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Section  6 
TEST  PROCEDURES 


NOTE:  Should  structure  failure  of  apparatus  occur,  go  to 
Abort  2440  Procedure  No.  1. 

Should  specimen  temperature  exceed  °F,  go  to 

Abort  Procedure  No.  2. 

Should  a rapid  depressurization  of  flow  field  occur, 
go  to  Abort  Procedure  No.  2. 

Should  a fire  or  explosion  within  the  test  cell  occur 
go  to  Abort  Procedure  No.  3. 

6.1  Test  Conductor  - close  440  vac  breakers. 

6.2  Test  Conductor  - open  regulator  R-0-003  (aspirator 

GN2  supply)  to  psi  as  per  test  request:  Verify. 

6.3  Test  Conductor  - open  solenoid  SV-8-001  (test  gas  out) 
and  simultaneously  turn  on  rectifier  No.  1 switch. 

6.4  Instrumentation  - monitor  pyrometer  reading  and 
inform  the  test  conductor  when  the  temperature  is 
°F  as  per  test  request. 

NOTE:  The  test  conductor  should  be  informed  immediately 
since  2710  time  is  a test  factor.  Instrumentation 
will  continue  to  monitor  the  test  specimen  temper- 
ature and  inform  the  test  conductor  when  the  temper- 
ature exceeds  °F. 

6.5  Test  Conductor  - simultaneoulsy  close  solenoid  SV-0-001 
(Argon  bo<tie  supply)  anti  open  solenoid  SV-3-002  (open 
reactant  test  gas)  . 

6.6  Test  Conductor  - after  seconds,  simultaneously 

close  solenoid  SV-3-001  (GH2  bottle  shutoff)  and 
open  solenoid  SV-0-001  (Argon  bottle  supply) . 

6.7  Test  Conductor  - turn  off  rectifier  1 (and  recti- 
fier 2)  switch. 

6.8  Test  Conductor  - after  seconds,  close  solenoid 

regulator  R-0-001  (Argon  supply) . 
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Section  7 

SHUT-DOWN  PROCEDURES 


NOTE:  Before  entering  the  cell,  the  following  procedures 
must  be  accomplished. 

7.1  Test  Conductor  - open  440  volt  breakers 

7.2  Test  Conductor  - close  regulator  R-0-003  (aspirator 
GN2  supply) . 

7.3  Instrumentation  - turn  off  recorders. 

NOTE:  The  Red  Crew  may  enter  the  test  cell. 

7.4  Red  Crew  - return  rectifier  dial  to  zero  (0)  setting. 

7.5  Red  Crew  - close  HV-0-003  (Argon  bottle  valve). 

7.6  Red  Crew  - close  HV- 3-004  (Hydrogen  bottle  valve). 
2900. 

7.7  Test  Conductor  - place  area  in  amber  condition  and 
notify 

7.8  Test  Conductor  - place  area  in  amber  condition  and 
notify  the  safety  operations  center  after  last  test 
of  day  (32632) . 

NOTE:  Warning  - Apparatus  is  very  hot  and  can  cause  severe 
burns.  Use  caution  when  working  around  the  apparatus 
after  a test.  Apparatus  should  be  allowed  to  cool 

to  °F.  Removal  of  the  sample  will  be  done  in 

accordance  with  Appendix  2. 

7.9  Red  Crew  - verify  HV-0-002  (ten-turn  regulator  to 
the  full  open  position. 

7.10  Test  Conductor  - turn  console  voltage  off. 

7.11  Test  Conductor  - close  HV-0-001  (2500  psi  GN2  supply 
to  console)  . 
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Section  8 
ABORT  PROCEDURES 


ABORT  PROCEDURE  NO.  1 

8.1  Test  Conductor  - activate  emergency  kill  switch. 

8.2  Test  Conductor  - close  R-3-001  (GH2  supply)  and 

R-0-001  (Argon  supply) . 

8.3  Test  Conductor  - after  5 minutes  close  R-0-003 

(aspirator  GN2  supply) . 

8.4  Instrumentation  - turn  off  recorders. 

8.5  Test  Conductor  - proceed  with  shut-down  procedures, 

Section  7. 

ABORT  PROCEDURE  NO.  2 

8.6  Test  Conductor  - activate  emergency  kill  switch. 

8.7  Test  Conductor  - close  R-3-001  (GH2  supply). 

8.8  Test  Conductor  - after  2 minutes  close  R-0-001 

(Argon  supply)  and  R-0-003  (aspirator  GN2  supply) . 

8.9  Instrumentation  - turn  off  recorders. 

8.10  Test  Conductor  - proceed  with  shutdown  procedures, 

Section  7. 

ABORT  PROCEDURE  NO.  3 

8.11  Test  Conductor  - activate  emergency  kill  switch. 

8.12  Test  Conductor  - close  R-3-001  (GH2  supply). 

8.13  Test.  Conductor  - notify  fire  department  (117). 
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